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EFFECTS OF HYDRAULIC STIMULATION ON COALBEDS 
AND ASSOCIATED STRATA 
by 
Curtis H. Elder  
ABSTRACT 
I n  s tud ie s  conducted by the  Bureau of Mines, two t e s t  a r eas  were hydrau- 
l i c a l l y  s t imula ted  and exposed by mining: One i n  the  P i t t sbu rgh  coalbed a t  
t he  Vesta No. 5 mine, Washington County, P a . ;  and one i n  the  I l l i n o i s  No. 6 
coalbed a t  t he  Inland mine, J e f f e r s o n  County, I l l .  Induced f r a c t u r e s  were 
contained t o t a l l y  wi th in  t h e  coalbed with no adverse e f f e c t  on the  s t a b i l i t y  
of a s soc ia t ed  rock s t r a t a .  Induced f r a c t u r e s  were v e r t i c a l  and were propa- 
gated normal t o  the  d i r e c t i o n  of l e a s t  r e s i d u a l  t ec ton ic  s t r e s s .  Gas produc- 
t i o n  was increased f ive fo ld  t o  twentyfold by hydraul ic  s t imu la t ion .  
INTRODUCTION 
Hydraulic s t imu la t ion  i s  a  process developed by t h e  o i l  i ndus t ry  f o r  
increas ing  p roduc t iv i ty  of a  r e s e r v o i r .  V e r t i c a l  t e s t  holes  d r i l l e d  i n  
advance of mining have been hydrau l i ca l ly  s t imulated t o  degas i fy  the  coalbed 
more e f f i c i e n t l y  by increas ing  t h e  gas flow. Increases of f ive fo ld  t o  
twentyfold have been achieved (1-2) - - .2 The procedure c o n s i s t s  of inducing 
f r a c t u r e s  i n  a  coalbed by applying hydraul ic  pressure with con t ro l l ed  i n j e c -  
t i o n  of ge l l ed  water and propping sand. The f r a c t u r e s  a r e  propagated s e v e r a l  
hundred f e e t  i n t o  the  coalbed by pumping l a rge  volumes of t he  t reatment  f l u i d .  
Flow c h a r a c t e r i s t i c s  of t he  f l u i d  and s i z e  of propping sand were found t o  
a f f e c t  t h e  length  and width of t h e  induced f r a c t u r e .  The propped f r a c t u r e  
forms an open, *permeable pa th  of high-flow capac i ty  t o  the  borehole.  
I n  s p i t e  of i t s  advantages, concern f o r  maintaining t h e  i n t e g r i t y  of mine 
roof  and f l o o r  has de te r r ed  c o a l  mine management from applying hydraul ic  stimu- 
l a t i o n  t o  increase  gas flow from v e r t i c a l  d e g a s i f i c a t i o n  boreholes i n  advance 
of mining. This concern motivated t h e  Bureau of Mines t o  i n v e s t i g a t e  t h e  
e f f e c t s  of the  s t imu la t ion  t reatment  on coalbeds and the  rock s t r a t a  t h a t  form 
the  roof and f l o o r  of t he  mine i n  s e v e r a l  a r eas  of t he  United S t a t e s .  
' ~ e o l o ~ i s t ,  P i t t sbu rgh  Mining and Safe ty  Research, Bureau of Mines, P i t t sbu rgh ,  
Pa. 
2 ~ n d e r l i n e d  numbers i n  parentheses r e f e r  t o  items i n  the  l i s t  of re ferences  a t  
t h e  end of t h i s  r e p o r t .  
Hydrau l i ca l l y  s t imu la t ed  a r e a s  have been exposed by mining a t  t e s t  s i t e s  
i n  t h e  P i t t s b u r g h  and I l l i n o i s  No. 6  coa lbeds ,  p rov id ing  t h e  oppo r tun i t y  f o r  
obse rva t i on  underground. This paper documents t he  hyd rau l i c  s t i m u l a t i o n  p ro -  
cedures  and subsequent underground observa t ions  of t he  e f f e c t  on t h e s e  c o a l -  
beds and a s soc i a t ed  roof  and f l o o r  rock  s t r a t a .  
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hole No. 12 
FIGURE 1. - Loca t ion  of hydraul ic s t imulat ion test hole 
TEST HOLE USBM NO. 4  
D r i l l i n g  and Hydraulic 
S t imu la t i on  
To determine t h e  e f f e c t  
of hyd rau l i c  s t i m u l a t i o n  on 
t he  P i t t s b u r g h  coalbed and 
t h e  ove r ly ing  rock  s t r a t a ,  a  
t e s t  ho le  was d r i l l e d  a t  
Vesta No. 5  mine i n  Washing- 
t o n  County, Pa.  The ho le  
was loca ted  500 f e e t  ahead 
of an a c t i v e  developing s e c -  
t i o n  of t he  mine ( f i g .  1 )  . 
D r i l l i n g  began A p r i l  10,  
1974, w i th  a  r o t a r y  d r i l l  
r i g .  Twenty f e e t  of  7-5/8-  
inch  s u r f a c e  ca s ing  was s e t  
f o r  c o n t r o l  of sha l low 
water  -bear ing s t r a t a .  A 
6-1/4- inch ho le  was t hen  
d r i l l e d  t o  a  t o t a l  depth of 
597 f e e t .  The P i t t s b u r g h  
coalbed was reached a t  588 
f e e t .  S i x  f e e t  o f  t he  c o a l -  
bed was d r i l l e d ,  and t he  
ho le  t e rmina ted  t h r e e  f e e t  
be low the  coa lbed . 
in re la t ion t o  mine development a t  t ime of  st imulat ion. 
The t e s t  hole  pene t ra ted  a  s e r i e s  of interbedded s h a l e s ,  l imestones,  
sands tones ,  and coalbeds i n  t he  Monongahela and Dunkard Group sediments of t he  
Pennsylvanian System. The d r i l l  s i t e  l i e s  near t h e  a x i s  of  a  small  s y n c l i n a l  
f o l d  on the  f l a n k  of the Amity a n t i c l i n e  ( f i g .  2 ) .  I n  the  v i c i n i t y  of the 
borehole ,  t he  P i t t sbu rgh  coalbed i s  immediately o v e r l a i n  by a  t h i n  sha l e  (draw 
s l a t e )  and under la in  by ca lcareous  c l ays tone .  
A p l an  was designed t o  hydrau l i ca l ly  s t i m u l a t e  the coalbed wi th in  a  500- 
f o o t  r ad ius  from t h e  t e s t  ho le  so t h a t  t h e  induced f r a c t u r e s  would not  i n t e r -  
c e p t  mine e n t r i e s  ( f i g .  1 ) .  
Table 1 shows the  est imated r e s u l t s  expected f o r  t he  s t imu la t ion  t r e a t -  
ment f o r  volumes of 5,000 and 10,000 ga l lons  of g e l l e d  water  (3 ) .  Design 1 
was chosen i n  order  t o  con ta in  the  f r a c t u r e  w i th in  the  a r e a  of-unmined c o a l .  
The propping sand was t r e a t e d  wi th  a  baked-on f luo rescen t  dye f o r  e a s i e r  
r ecogn i t i on  i n  t h e  mine when mining in t e rcep ted  t h e  f r a c t u r e .  
TABLE 1. - Designs f o r  s t imu la t ion  of borehole USBM No. 4 ,  
Washington Countv. Pa.  
Tota l  volume.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  .Mgal.. 
Pad volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mgal.. 
Propped f r a c t u r e  length  . . . . . . . . . . . . . . . . . . .  f e e t . .  
Propped f r a c t u r e  he ight  .................... do ... 
Viscos i ty  . . . . . . . . . . . . . . . . . . . . . . . . . .  c e n t i p o i s e s . .  
F rac tu re  width . . . . . . . . . . . . . . . . . . . . . . . . . .  inches . .  
Propping sand . . . . . . . . . . . . . . . . . .  100-pound sacks . .  
Production. . . . . . . . . . . . . . . . . . . . . . .  fo ld  i n c r e a s e . .  
On A p r i l  17, 1974, t h e  w e l l  was t r e a t e d  through 2-318-inch-diameter high-  
pressure  tubing.  An open hole  packer i n  t he  tubing s t r i n g  was s e t  a t  585 f e e t  
i n  a  hard formation 3  f e e t  above the  coalbed. The t reatment  used 7,300 g a l -  
lons of water  conta in ing  550 pounds of guar gum, 3,000 pounds of 10- to  20- 
mesh f luorescent -dye- t rea ted  sand followed by 500 pounds of 10- t o  20-mesh 
r e g u l a r  sand. 
Design 1 
10 .7  
Created length1. .  . . . . . . . . . . . . . . . . . . . . . . .  ; . f e e t . .  I 387 
Two thousand ga l lons  of ge l l ed  f l u i d  was i n j e c t e d  i n t o  the  coalbed t o  
f i l l  a l l  spaces i n  t he  coalbed around the  borehole and i n i t i a t e  t he  f r a c t u r e .  
The formation broke a t  500 p s i g .  The induced f r a c t u r e  was propagated i n t o  the 
coalbed wi th  an i n j e c t i o n  r a t e  of 10-112 bpm. The pad volume was followed 
wi th  successive i n j e c t i o n s  of 1,300 ga l lons  of sand-laden t r e a t i n g  f l u i d  a t  
114 ppg (pounds per  ga l lon )  sand concent ra t ion ,  650 ga l lons  a t  112 ppg, 1,750 
ga l lons  a t  314 ppg, and 1,350 ga l lons  a t  112 ppg sand concent ra t ion .  The tub-  
ing was c l ea red  of sand wi th  250 ga l lons  of : t reat . ing f l u i d .  An i n j e c t i o n  r a t e  
of  10-112 bpm was maintained during t r ea tmen t  at an average i n j e c t i o n  p re s su re  
of 1,586 p s i g .  A maximum i n j e c t i o n  p re s su re  of 1,700 ps ig  was reached 
( f i g .  3 ) .  
Design 2  
16.9 
662 
=Maximum length  of induced f r a c t u r e  c r ea t ed  wi th  and without  sand 
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FIGURE 2. - Structure mop contoured on Pit tsburgh coolbed showing loca- 
t ion of Vesta No, 5 mine and test  hole, 




Mine en t r i e s  c loses t  t o  the borehole were monitored by Bureau and mining 
company engineers during the hydraulic f rac tu re  treatment. No evidence of gas 
or  water emission was observed i n  the mine en t r i e s  during the treatment. This 
indicates  t ha t  the treatment remained wi thin  the design l imi t s  and did not 
c rea te  hazardous underground condit ions.  Venti lat ion a i r  samples taken a t  
regular  in te rva l s  during and following treatment showed no increase i n  gas 
emission i n to  the mine. 
On June 12, 1974, the induced f rac tu res  were intercepted by mining. 
Twenty f e e t  of v e r t i c a l  sand-propped f rac tu re  was mapped along the face c l e a t  
d i r ec t i on  west of the borehole. The sand-f i l led  f rac tu re  ranged from one- 
e ighth  t o  one-half inch i n  width, extending from the draw s l a t e  a t  the top of 
the coalbed t o  the mine f loor .  There was no evidence t h a t  the f rac tu re  
extended in to  the roof or f loor  rock ( f i g s .  4-6).  Wide v e r t i c a l  f rac tu res  
were propagated t o  the north of the  borehole along the bu t t  c l e a t  d i rec t ion .  
These f rac tu res  were 1 1 2  t o  2-112 inches i n  width and were packed with the 
propping sand ( f igs .  7-8). They extended from the base of the draw s l a t e  to  
the f loor .  Again, no evidence was found t o  indicate  t ha t  the  induced f r ac -  
tures  along the  bu t t  c l e a t  d i rec t ion  penetrated the roof ( f i g .  9) or f loor  
rock. 
Roof s t a b i l i t y  was not af fected by the induced f rac tu re ,  and mining 
advanced normally through the  t rea ted zone. The dyed propping sand fluoresced 
under u l t r av io l e t  r ad ia t ion ,  making very t h in  sand-fi l led f rac tu res  more 
apparent; however, the use of dyed propping sand was not needed t o  locate the 
f rac tu res .  It i s  estimated t ha t  the  f rac tures  extended 35 f e e t  or more i n t o  
the coalbed i n  the bu t t  c l e a t  d i rec t ion .  The f rac tu res  were wider than 
expected, averaging 2 inches i n  width. The greater  width of the f rac tures  was 
caused by the use of a heavily gelled t r e a t i ng  f l u id  (75 pounds of guar gum 
per 1,000 ga l lons ) ;  a  l e s s  viscous f rac tu re  f l u id  (20 pounds of guar gum per 
1,000 gallons) would have created a thinner f rac tu re ,  propagating deeper i n t o  
the coalbed. Approximately 35 cu f t  of f rac tu re  volume was created,  which was 
f i l l e d  with 35 cu f t  of propping sand. 
//-- - 
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The borehole and 
induced f r a c t u r e  s i t e  i n  t he  
mine were inspec ted  2 years  
a f t e r  t rea tment  t o  observe 
long-term e f f e c t s  of s t imu- 
l a t i o n  on t h e  roof s t r a t a  
and c o a l  r i b .  No d e t e r i o r a -  
t i o n  of roof o r  f l o o r  s t r a t a  
was ev iden t .  I n  add i t i on ,  
no s p a l l i n g  was observed 
along t h e  roof  o r  c o a l  r i b  
( f i g .  10).  
ILLINOIS NO. 6 COALBED, 
JEFFERSON COUNTY, ILL.: 
TEST HOLE USBM NO. 1NE 
D r i l l i n g  and Hydraulic 
S t imula t ion  
A p a t t e r n  of f i v e  
degas i f  i c a t i o n  boreholes  was 
d r i l l e d  i n t o  the  No. 6 c o a l -  
bed a t  t h e  Inland S t e e l  Co. 
mine, J e f f e r s o n  County, 
FIGURE 10. - Induced fracture after 2 years of exposure 111. The holes were d r i l l e d  
in mine. during June 1972. The 9- 
inch-diameter ho les  were 
d r i l l e d  wi th  a r o t a r y  d r i l l  and cased wi th  7-inch-outside-diameter s t e e l  c a s -  
i ng  t o  w i t h i n  a few f e e t  of t he  top  of t he  coalbed.  The no r theas t  corner  
hole ,  No. 1NE of the  p a t t e r n ,  was s e l e c t e d  f o r  hydraul ic  s t i m u l a t i o n  ( f i g .  11) .  
It was d r i l l e d  t o  a t o t a l  depth of 743 f e e t  and penet ra ted  9 f e e t  o f  t h e  
No. 6 coalbed.  
The t e s t  ho le  was d r i l l e d  through a s e r i e s  of interbedded s h a l e s ,  sand- 
s tone ,  l imestones,  and c o a l s  i n  t h e  Bond, Modesta, and Carbondale formations 
of t h e  Missourian and Des Moines s e r i e s  o f  t h e  Pennsylvanian System. The 
d r i l l  s i t e  is  on t h e  southwest f l a n k  of  t he  I l l i n o i s  c o a l  bas in .  The No. 6 
coalbed i s  o v e r l a i n  by 18 f e e t  of sandy s h a l e  and unde r l a in  by 1 f o o t  of f i r e  
c l ay .  
A hydraul ic  s t imu la t ion  was designed t h a t  would induce a f r a c t u r e  w i t h i n  
a 450-foot r a d i u s  from the  borehole,  and thus t o t a l l y  contained w i t h i n  t h e  
coalbed. Table 2 shows the  c a l c u l a t e d  r e s u l t s  expected from t h r e e  s t i m u l a t i o n  
t rea tment  designs f o r  f l u i d  volumes of 5,000, 12,000, and 15,000 ga l lons  ( 3 ) .  
Design 2 was s e l e c t e d  f o r  t h e  s t imu la t ion  t reatment .  The coalbed was st&- 
l a t e d  through a 2-318-inch-diameter high-pressure tubing.  A packer i n  t h e  
tubing s t r i n g  was s e t  i n  t he  cas ing  a t  a depth of 720 f e e t ,  w i th  a t a i l p i p e  
extending t o  t h e  middle of t h e  coalbed t o  a depth  of 733 f e e t .  Twelve thou- 
sand g a l l o n s  of water was g e l l e d  w i t h  240 pounds of guar gum t o  form a l i g h t  
FIGURE 11. - Location of degasification bore- 
hole pattern for No. 6 coalbed, 
In land mine, Jefferson County, 
I I I. 
0 1,000 *
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g e l  f l u i d .  The g e l  f l u i d  and 6,400 pounds of 10- t o  20-mesh propping sand 
were used i n  t h e  t r ea tmen t .  
TABLE 2. - Designs f o r  s t i m u l a t i o n  of borehole  USBM No. l N E ,  
J e f f e r s o n  County, 111. 
Product ion . . . . . . . . . . . . . . . . . . . . . . .  f o l d  i n c r e a s e . .  
To ta l  volume.. . . . . . . . . . . . . . . . . . . . . . . . . . . .  .Mgal.. 
Pad volume . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Mgal.. 
. . . . . . . . . . . . . . . . . . .  Propped f r a c t u r e  l eng th  feet.. 
Propped f r a c t u r e  he ight  . . . . . . . . . . . . . . . . . . . .  do ... 
Design 3  
8 . 0  
Design 1 
5 .5  
- - 
V i s c o s i t y  . . . . . . . . . . . . . . . . . . . . . . . . . .  c e n t i p o i s e s . .  
F rac tu re  width .......................... i nches . .  
Propping sand . . . . . . . . . . . . . . . . . .  100-pound s a c k s . .  
Created length1 . . . . . . . . . . . . . . . . . . . . . . . . . . .  f e e t .  . 
Two thousand ga l lons  of g e l  f l u i d  was i n j e c t e d  i n t o  t h e  coalbed t o  f i l l  
a l l  spaces around the  borehole  and i n i t i a t e  t he  f r a c t u r e .  The formation broke 
a t  1,000 ps ig .  The f r a c t u r e  was propagated i n t o  t h e  coalbed wi th  an i n j e c t i o n  
r a t e  of 10 bpm. The fol lowing volumes of  sand-laden g e l  f l u i d  were succes-  
s i v e l y  i n j e c t e d  i n t o  t h e  coalbed:  3,000 ga l lons  a t  114 ppg sand concen t r a t i on ;  
Design 2  
7 .5  
5 .0  
2.0 















2,000 g a l l o n s  a t  112 ppg; 1,800 ga l lons  a t  314 ppg; and t h e  f i n a l  3,200 g a l -  
lons a t  1 ppg. The average i n j e c t i o n  p re s su re  was 900 ps ig ,  bu t  a  maximum 
i n j e c t i o n  p re s su re  of 1,000 p s i g  was reached ( f i g .  12) .  A f t e r  t rea tment ,  t h e  
t e s t  ho l e  was pu t  back on gas and water p roduct ion .  The hole  was no t  produc- 
ing  a  s i g n i f i c a n t  amount of gas ,  perhaps owing t o  formation damage during 
d r i l l i n g .  Gas flow increased  from 10 t o  4,300 c f d .  Test ing of t h e  No. 6 
coalbed before  s t i m u l a t i o n  had shown i t  t o  have a  low gas con ten t  and low p e r -  
m e a b i l i t y ,  s o  t h e  flow inc rease  was s u b s t a n t i a l .  
Observat ions Underground 
The induced v e r t i c a l  f r a c t u r e  packed w i t h  propping sand was i n t e r c e p t e d  
by mining i n  May 1974. The induced f r a c t u r e  was propagated i n  a  d i r e c t i o n  of 
N 76" E from t h e  borehole .  I t  was mapped ac ros s  four  e n t r i e s  of t he  No. 11 
Right  e n t r i e s  o f f  t he  West main e n t r i e s  of t h e  mine ( f i g .  1 3 ) .  The induced 
v e r t i c a l  f r a c t u r e  d id  no t  fol low t h e  d i r e c t i o n s  of t h e  f ace  o r  b u t t  c l e a t ;  i t  
followed a  pa th  s u b p a r a l l e l  t o  t he  a x i s  of a  smal l  a n t i c l i n a l  f o l d  on t h e  
f l a n k  of the c o a l  b a s i n  ( f i g .  1 4 ) .  The s t i m u l a t i o n  c r ea t ed  a  s i n g l e  v e r t i c a l  
f r a c t u r e  i n  t h e  coalbed.  A small  amount of water  drainage from t h e  f r a c t u r e  
a l e r t e d  t h e  ope ra to r  of t h e  continuous miner t h a t  t h e  s a n d - f i l l e d  f r a c t u r e  had 
been mined through. The f r a c t u r e  was mapped f o r  416 f e e t  from t h e  borehole .  
The sand-propped f r a c t u r e  extended v e r t i c a l l y  from t h e  roof s h a l e  t o  a  hard 
s h a l e  p a r t i n g  approximately 2  f e e t  from t h e  bottom of the coalbed.  The f r a c -  
t u r e  was 7  f e e t  i n  he igh t .  I t  i s  normal p r a c t i c e  i n  t h i s  mine t o  leave 1 f o o t  
of roof  c o a l  dur ing  mining t o  p r o t e c t  t h e  s h a l e  over ly ing  t h e  coalbed from a i r ,  
mois ture ,  and weather ing.  
TIME, min 
FIGURE 12. - Pressure and flow rate charts recorded during hydraulic stimulation. 
FIGURE 13. - Induced fracture orientation as 
related to mine entry develop- 
ment at Inland mine. 
The f rac tu re  could be read i ly  traced across the en t r i e s  of the roof coal .  
It ranged from one-eighth t o  three-eighths inch i n  width, averaging approxi- 
mately one -quarter inch ( f igs  . 15 -18). The sand -propped f rac tu re  did not 
extend i n to  the roof or f loor .  The roof coal  and rock remained s t ab l e  i n  a l l  
the en t r i e s  in te r sec t ing  the  f rac tu re .  Mining developed normally through the 
stimulated areas.  Mine engineers noted a  reduction i n  gas emission i n t o  the 
mine i n  the t e s t  area  resu l t ing  from a  long period of degasi f ica t ion p r i o r  to  
mining. Approximately 61 cu f t  of f rac tu re  volume was created which was 
f i l l e d  with sand. Sixty-four cubic f e e t  of sand was used during the t r e a t -  
ment. The 3-cu-ft d i f ference can be a t t r ibu ted  t o  sand t h a t  s e t t l e d  i n  the  
borehole. The excess sand was removed from the  borehole immediately a f t e r  
treatment. 
The s i t e  of the induced f rac tu re  exposed by mining was inspected 2-1/2 
years a f t e r  s t imulation t o  assess the long-term e f f ec t s  of weathering on the 
roof s t r a t a  along the t race  of the f rac ture .  No de te r io ra t ion  of roof or  
f loor  s t r a t a  was evident .  
The roof along the east-west bleeder ent ry  a t  point A ( f i g .  19) had 
remained s tab le .  There had been no spa l l ing  of roof or coal  r i b  along the 
t r a ce  of the induced f rac tu re  ( f i g .  20).  
A t  points  B and C ( f i g .  19) i n  the north-south en t r i e s  where the induced 
f rac tu re  was i n  c lose  proximity t o  r e t r e a t  mining, the roof remained s tab le  
u n t i l  the coal  i n  the  adjacent p i l l a r s  was mined out ( f i g .  21). Roof f a l l  




































































































































































































































































































































































































































































































FIGURE 21. - Induced fracture after 2-1/2 years of exposure to mine atmosphere at point B 
on figure 19. 
s t r a t a  t h a t  could be re la ted  t o  the induced f racture .  There was some evidence 
of f l u id  and sand intruding a few inches in to  a rock jo in t  t ha t  crossed the 
induced f r ac tu r e  a t  point  B ( f ig .  19). There was no evidence t ha t  t h i s  
i n t ru s ion  of sand and f l u id  i n  the rock jo in t  impaired the  roof or af fected 
i t s  s t a b i l i t y .  
DISCUSSION AND CONCLUSIONS 
Observations a t  two hydraulical ly stimulated s i t e s  i n  coalbeds indicate  
t ha t  the  resu l t ing  f rac tu res  a re  limited to ,  and contained within,  the coal-  
bed. There was no adverse e f f ec t  on the  s t a b i l i t y  of the overlying and under- 
lying rock s t r a t a ,  or on mining operations. 
Gas production from hydraulical ly stimulated degasi f ica t ion boreholes i n  
coalbeds show a f ivefold  t o  twentyfold increase i n  sustained gas flow (2) .  - 
The d i rec t ion  i n  which the  induced f rac tu re  may be expected t o  propagate 
in to  the coalbed i s  re la ted  t o  the tec tonic  s t r e s s  pa t t e rn  i n  the  mine area. 
The f rac tu re  may follow joint  or c l e a t  d i rect ions ,  or be oriented perpendicu- 
l a r l y  t o  the l e a s t  horizontal  force o r  along the path of l e a s t  res is tance  (4 ) .  - 
The induced f rac tu res  observed were v e r t i c a l .  Widths ranged from one- 
eighth t o  one-half inch. Highly viscous f rac tu re  f l u id s  tend t o  form wider 
f rac tures  of up to 2-1/2 inches i n  width. These f rac tu res  tend t o  have a 
smaller r a d i a l  extent .  Less viscous f rac tu re  f l u id s  were found t o  c rea te  
longer f rac tu res ,  thus a more e f f i c i e n t  s t imulation.  
Periodic observations of exposed f rac tu res  produced by hydraulic stimula- 
t ion  have shown t h a t  no de te r io ra t ion  of roof and f loor  s t r a t a ,  or loss  of 
coal  r i b  s t a b i l i t y  occurred i n  the areas of induced f rac tu res .  The mine 
en t r i e s  observed remained s t r uc tu r a l l y  safe  more than 2 years a f t e r  mine 
in tercept ion of induced f rac tu res .  
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